Memory consolidation requires gene expression regulation by transcription factors, which eventually may induce chromatin modifications as histone acetylation. This mechanism is regulated by histone acetylases and deacetylases. It is not yet clear whether memory consolidation always recruits histone acetylation or it is only engaged in more persistent memories. To address this question, we used different strength of training for novel object recognition task in mice. Only strong training induced a long-lasting memory and an increase in hippocampal histone H3 acetylation. Histone acetylase inhibition in the hippocampus during consolidation impaired memory persistence, whereas histone deacetylase inhibition caused weak memory to persist. Nuclear factor B (NF-B) transcription factor inhibition impaired memory persistence and, concomitantly, reduced the general level of H3 acetylation. Accordingly, we found an important increase in H3 acetylation at a specific NF-B-regulated promoter region of the Camk2d gene, which was reversed by NF-kB inhibition. These results show for the first time that histone acetylation is a specific molecular signature of enduring memories.
Introduction
A classical tenet in the field of the neurobiology of memory is that, to persist, memory storage requires changes in gene expression patterns (Alberini, 2009 ). However, persistent forms of memory require specific mechanisms that are differentially induced by particular learning conditions that warrant remote memory stabilization. Such mechanisms should not be required in less lasting forms of memories. Recent research has identified a specific time window, present ϳ12 h after training, in which BDNF action is required for memories to persist. Such BDNF signals are considered to be part of the recurrent rounds of consolidationlike events that take place in the hippocampus for the maintenance of the memory trace (Bekinschtein et al., 2007; Rossato et al., 2009) . However, beyond these mechanisms of memory maintenance, specific mechanisms activated during consolidation may make some memories more persistent than others, according to either the strength of training or the level of attention or motivation during learning.
Epigenetic mechanisms are postulated to provide potentially stable marks in the genome to regulate the expression of specific genes continuously during memory formation Barrett and Wood, 2008) . Chromatin structure and function can be affected by various posttranslational modifications of nucleosomal histones (Strahl and Allis, 2000; Kouzarides, 2007) . Lysine acetylation is one of the best-characterized histone modifications. Chromatin-modifying enzymes, such as histone acetyl transferases (HATs) and histone deacetylases (HDACs), perform protein acetylation and deacetylation, respectively (Sterner and Berger, 2000) . Histone acetylation induces transcriptional activation by increasing the accessibility of the DNA to the transcriptional machinery (Vettese-Dadey et al., 1996) . Recruitment of epigenetic mechanisms, such as histone acetylation, methylation, and phosphorylation, has already been implicated in long-term plasticity and memory consolidation (Guan et al., 2002; Alarcó n et al., 2004; Korzus et al., 2004; Gupta et al., 2010; Gräff et al., 2012) . In agreement with such findings, HDAC inhibitor administration has been shown to improve long-term memory Yeh et al., 2004; Fischer et al., 2007; Vecsey et al., 2007) and to revert memory deficits induced by genetic manipulations (Alarcó n et al., 2004; Korzus et al., 2004; Guan et al., 2009) .
Some studies have evidenced the participation of epigenetic mechanisms in novel object recognition (NOR) memory. The activity of the HAT CREB-binding protein (CBP) and p300 during recognition memory consolidation was studied in genetically modified mice (Bourtchouladze et al., 2003; Oliveira et al., 2011; Zhao et al., 2012) . To our knowledge, epigenetic mechanisms in general and chromatin acetylation in particular have not been specifically ascribed to memory persistence. The aim of this study was to determine the involvement of histone acetylation in different strengths of memory, with the hypothesis that this mechanism is a molecular feature of the formation of enduring memories. In previous work in invertebrates, we obtained data supporting this hypothesis (Federman et al., 2009; Federman et al., 2012) , although no specific genes were studied in that model, and no evidence was obtained regarding the persistence of strong memories.
Materials and Methods
Animals. C57BL/6J male mice, 6 -9 weeks of age and weighing ϳ25-30 g were used. These mice were provided by the animal facility of the Universidad Nacional de La Plata, Argentina. In our laboratory, these animals were housed in boxes in groups of four individuals; they were later housed individually after cannulation. They were provided with water and food ad libitum and were kept under a 12 h light/dark cycle (lights on at 8:00 A.M.) at a temperature of 21-22°C. Experiments were performed in accordance with Facultad de Ciencias Exactas y Naturales (Universidad de Buenos Aires) regulations and the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (NIH publication 80 -23/96). All efforts were made to minimize animal suffering and to reduce the number of animals used.
Training-testing apparatus and behavioral procedure. The experimental chamber consisted of a wooden box with a transparent lid and white walls (30 ϫ 23 ϫ 21.5 cm); the floor was covered with shavings. The novel object recognition task consisted of 2 d of handling for 3 min once a day and 3 d of habituation that involved the placement of each animal in the experimental box for 5 min once a day with no object presentation. The following day, mice were trained in the experimental chamber with two identical objects. The objects used were 100 ml transparent beakers or blue blocks (Rasti toys), both of similar size. They were allowed to explore the objects for 3 min (weak training), 10 min (standard training), or 15 min (strong training), depending on the experiment. Between trials, the objects were scrubbed with a tissue soaked in 96% alcohol (Sanicol) and then rinsed with bi-distilled water to ensure that no olfactory cues were present. Memory retention was assessed either 24 h or 1 week after training. The testing session involved introducing the animals to the experimental chamber and allowing them to explore two different objects (a beaker and a block) for 5 min. One of the objects was identical to those explored during the training session (familiar object) and the other was a different object (novel object). The objects were exposed in the same locations of the chamber as they were in the training session. The location of the novel object was exchanged between the left and the right for different animals to avoid place preference during the evaluation session. The training and testing sessions were filmed with a web camera (Tessar 2.0/3.7 2MP autofocus; Logitech), which was connected to a computer using the program Quicktime (Logitech). The camera was placed 30 cm above the experimental chamber for later analysis. All manipulations were performed with the investigator wearing gloves.
Behavioral data analysis. The time that mice spent exploring the objects was established as the time during which the animal oriented its head toward an object with his nose 1 cm or less around it. The time that the animal spent above the object was not considered. During training, the total time of exploration and the percentage of time that the animal spent exploring the left and right objects (with respect to the initial position of the mouse) were determined. During the testing session, the total exploration time for each object was determined and the relative time of novel object exploration was calculated as the index of discrimination (ID%) calculated as follows: (t novel Ϫ t familiar)/(t novel ϩ t familiar) ϫ 100%. The mean ID% value was calculated for the different groups of animals. Depending of the number of groups, Student's t test or one-way ANOVA was used with a per comparison error rate (␣) of 0.05 for statistical comparisons between groups. The total times of exploration for each group in training and testing sessions were compared in all of the experiments to verify that there were no differences between groups in this parameter. Animals showing low exploration times were excluded from the experiments.
Surgery and drug infusion. Under deep anesthesia (70 l of ketamine 5% w/v and 20 l of xylazine at 20 mg/ml), mice were implanted with 23-gauge guide cannulae 1 mm dorsal to their dorsal hippocampi at coordinates of anterior, Ϫ1.9; lateral, ϩ/Ϫ1.2; and ventral, 1.2, in accordance with the atlas of Franklin and Paxinos (2001) . Guide cannulae were fixed to the skulls with dental acrylic containing calcium hydroxide. Experiments were performed 3 d after surgery to ensure animal recovery. The injection device consisted of a 30-gauge cannula connected to a 5 l Hamilton syringe with tubing. Initially, the infusion device was filled with distilled water and a small air bubble was sucked into the injection cannula, followed by the injection solution. The air bubble allowed for visual inspection of the injection progress. The injection cannula was inserted into the guide cannula with its tip extending beyond the guide by 1 mm so as to reach the dorsal hippocampus. The injections were administered by hand across a 30 s time period. The injection cannula was removed after 60 s to avoid reflux and to allow the diffusion of drugs. The volume of each intrahippocampal infusion was 0.5 l/side. Different injection devices were used for drug and vehicle. The injections were performed immediately after the training session. After behavioral procedures, the animals were injected with black ink and decapitated. The brains were placed in 4% paraformaldehyde for 1 d, followed by 30% sucrose for an additional 24 h. To verify cannulae placement, frozen brains were sliced using a cryostat and analyzed with a magnifying glass. The deepest position of the needle was superimposed on serial coronal maps. Only data from animals with cannulae located in the intended sites were included in the analysis.
Drugs. The B-decoy (double-stranded DNA oligonucleotide 5Ј-GAGGGGACTTTCCCA-3Ј; consensus sequence in bold) and the m-decoy (5Ј-GAGGCGACTTTCCCA-3Ј; base changed underlined) (Albensi and Mattson, 2000) were dissolved in sodium chloride-Tris-EDTA solution. B-decoy or m-decoy was used at a concentration of 0.47 g/l and administered bilaterally, delivering 0.26 pmol per side (Freudenthal et al., 2005) . The HDAC inhibitor sodium butyrate (NaB; SigmaAldrich) was dissolved in saline solution and used at a concentration of 0.1 g/l. The HDAC inhibitor trichostatin A (TSA, Sigma-Aldrich) was dissolved in dimethylsulfoxide (DMSO) and used at 6 g/l (3.5 g/g). The HAT inhibitor c646 (Sigma-Aldrich) was dissolved in DMSO and used at 2 g/l. Drug concentrations used were chosen from previous work (NaB from Korzus et al., 2004; Federman et al., 2009; TSA from Hawk et al., 2011; and c646 from Marek et al., 2011) .
Histone-enriched extracts and Western blot assay. The mice were killed by cervical dislocation immediately after training (see Results). The brains were rapidly removed, and both hippocampi were dissected according to the method described by Glowinski and Iversen (1966) . All procedures were performed at 4°C. After dissection, the hippocampus was immediately placed in buffer A (10 mM HEPES, pH 7.8, 1.5 mM MgCl 2 , 10 mM KCl, 1 mM DDT, 5 mM sodium butyrate, 1 g/ml pepstatin A, 10 g/ml leupeptin, 0.5 mm PMSF, and 10 g/ml aprotinin). Each hippocampus was then homogenized in buffer A with 12 strokes of a Teflon-glass homogenizer, rotating the pestle with a motor at 1800 rpm. The homogenate was centrifuged at 1000 ϫ g for 15 min. The pellet was completely resuspended in buffer A, and H 2 SO 4 was then added to a concentration of 0.4N. The homogenate was then incubated for 30 min at 4°C to extract the histones from the nuclear fraction. The solution was centrifuged for 5 min at 14,000 ϫ g. The supernatant was transferred to a new tube and proteins were precipitated in 10 volumes of acetone at Ϫ20°C overnight. The nuclear basic-protein precipitate was collected by centrifugation at 14,000 ϫ g for 15 min. The pellet was resuspended in distilled water. For Western blots, loading buffer was added and samples were incubated at 100°C for 5 min and then immediately placed on ice. Ten micrograms of protein from each sample were resolved on 15% SDS-PAGE. Proteins were electrotransferred to a PVDF membrane for detection by specific antibody binding. Acetyl-specific histone H3 antibody (acetylated K9 and K14), concentration 1:5000, and total antihistone H3 antibody, concentration 1:25000 (Millipore) were used following the manufacturer's protocol. The detection was performed using a luminol chemiluminescence kit (Santa Cruz Biotechnology) fol-lowing the manufacturer's protocol, and signals were digitized using an imaging device (Fuji Intelligent Dark Box II) and LAS-1000 software. The relative optic density was estimated using NIH ImageJ 1.29x software. The intensity of the bands was compared using the integrated density value, which represents the sum of gray values of the selected area minus background. A profile of the intensity values of gray for each band was made and the area of the histogram was measured to determine the optical density. Each membrane was analyzed with the two antibodies and the proportions of acetylated/total H3 were determined. The Student's t test or one-way ANOVA was used with a per comparison error rate (␣) of 0.05 for statistical comparisons between groups.
Chromatin immunoprecipitation assay. For the chromatin immunoprecipitation (ChIP) assay, each hippocampus was dissected, placed in 1.5 ml of 1.8% formaldehyde in PBS, and tissue was fixed for 20 min at room temperature. The reaction was stopped with glycine (final concentration 0.125 M) for 5 min at room temperature. After washing with PBS, tissue was homogenized in cell lysis buffer (5 mM PIPES, pH 8, 85 mM KCl, 0.5% NP40) supplemented with proteinase inhibitors (1 g/ml pepstatin A, 10 g/ml leupeptin, 0.5 mm PMSF, and 10 g/ml aprotinin) with 12 strokes in a Dounce homogenizer, type B pestle. The homogenate was centrifuged for 5 min at 3000 ϫ g. The pellet was resuspended in sonication lysis buffer (1% SDS, 1% Triton X-100, 10 mM EDTA, and 50 mM Tris-HCl pH 8.1) supplemented with proteinase inhibitors and incubated for 30 min on ice. Four hippocampi were pooled together and sonicated to generate DNA fragments with an average length of 600 -700 bp, which were centrifuged for 10 min at 14,000 ϫ g at 4°C. Supernatants were precleared with Protein G-Agarose (Invitrogen) adsorbed with sheared salmon sperm DNA (sSS-DNA; Eppendorf) and bovine serum albumin (Sigma-Aldrich). At this step, a portion of the precleared sample (ϳ5%) was stored and considered the "input" sample. Immunoprecipitation of acetyl H3-DNA or NF-B-DNA complexes was achieved by incubating the precleared samples overnight at 4°C with 10 g of acetylspecific histone H3 antibody, acetylated K9 and K14 (Millipore), or 10 g of NF-B p65 (c-20) antibody (sc-372; Santa Cruz Biotechnology), respectively. A "non-antibody" immunoprecipitation was performed as a negative control. Samples were added to Protein G-Agarose/sSS-DNA and incubated for 2 h at 4°C. All samples were eluted with 1% SDS and 0.1 M NaHCO 3 , and the cross-links were reverted by overnight incubation with 0.2 M NaCl at 65°C. Proteins were digested with Proteinase K (Roche) and DNA was purified by phenol/chloroform extraction. The DNA was subjected to real-time PCR in 25 l of reaction buffer containing 0.8 mM dNTPs, 2.5 units of TaqDNA polymerase (Invitrogen), and 10 M concentrations of the primers specific for mouse Zif268 or the Camk2d promoter, respectively (B site included), designed as follows: Zif268 forward: 5Ј-AACCCCGGCCTGACTCGCCCTC-3Ј, Zif268 reverse: 5Ј-CTGAGCGCGCGCGGGAGT-3Ј; Camk2d forward: 5Ј-GCAC TTTTGGGTTTCATTATGTTAG-3Ј, Camk2d reverse: 5Ј-CGTCTTCG CCCTTCTCTCC-3Ј. For both promoters, PCRs were performed at 95°C for 15 s, 64°C for 20 s, and 72°C for 20 s, for a total of 39 cycles. The regulatory region of the Camk2d gene (Ϫ1000 to ϩ1 bp) was screened using the TRANSFAC method (TRANSFAC 7.0 Public 2005; Matys et al., 2003) to identify a putative NF-B-binding sequence. One target region, containing a B consensus sequence at ϳϪ400 bp from the initiation site, was identified and used to make the primers for real-time PCR. The cumulative fluorescence for each amplicon was normalized to input amplification.
RNA extraction and gene expression analysis. The mice were killed by cervical dislocation 3 h after training (see Results). The brains were rapidly removed, and both hippocampi were dissected. Total RNA was extracted using TRIzol LS reagent (Invitrogen). Each hippocampus was placed in 1 ml of TRIzol and tissue was homogenized with 15 strokes in a glass Dounce homogenizer, type A pestle. The samples were incubated for 5 min at room temperature and then 0.2 ml of chloroform was added. Tubes were shaken for 15 s, incubated for 3 min at room temperature, and then centrifuged at 12,000 ϫ g for 15 min at 4°C. The aqueous phase from each sample was obtained and the RNA was precipitated by adding 0.5 ml of isopropyl alcohol. Samples were incubated at room temperature for 10 min and then centrifuged at 12,000 ϫ g for 10 min at 4°C. RNA was washed, air-dried, and dissolved in RNase-free water and 5 g of RNA was used for the retrotranscription reaction. The cDNA obtained was subjected to real-time PCR in 25 l of reaction buffer containing 0.8 mM dNTPs, 2.5 units of TaqDNA polymerase (Invitrogen) and 10 M concentrations of the primers specific for mouse ␤actin or Camk2d mRNA, designed as follows: ␤actin RNA forward: 5Ј-TCCTTCCTGCCT ATGGAATC-3Ј, ␤actin RNA reverse: 5Ј-ACTCATCGTACTCCTGCT TG-3Ј, Camk2d RNA forward: 5Ј-TTCGGACACGGAAAGTGAGG-3Ј, Camk2d RNA reverse: 5Ј-TTCTCACCACTGAGAACGCC-3Ј. For both genes, PCRs were performed at 95°C for 15 s, 60°C for 20 s, and 72°C for 20 s for a total of 39 cycles. The cumulative fluorescence for each amplicon of each group of animals was normalized to the control habituation (HAB) group.
Results

Strong training induces a persistent recognition memory
NOR is a widely investigated form of declarative memory. It refers to the ability to determine whether a newly found item or object has been previously encountered . Initially, we assessed whether different training intensities could induce different memory persistence in an NOR task. In the first experiment, 3 groups of animals were formed: 1 group received a weak training of 3 min (TR3), another group received a standard training of 10 min (TR10), and the last group received a strong training of 15 min (TR15). All 3 groups were tested 24 h later. As shown in Figure 1a , 3 min of exploration yielded no memory retention, whereas 10 min induced memory retention. These results coincide with previous findings (Stefanko et al., 2009 ). The TR15 group had a similar discrimination index (DI%) as the TR10 group; this DI% was significantly higher than that of the TR3 group (one-way ANOVA, F (2,27) ϭ 13.88, p Ͻ 0.01; Duncan test TR3 vs TR10, p Ͻ 0.01; TR3 vs TR15, p Ͻ 0.01; TR10 vs TR15, ns). Therefore, 10 min and 15 min of exploration rendered similar levels of retention 24 h after training. The percentage of time spent exploring the objects during training did not differ significantly between training conditions (percentage of time spent with left object: TR3, 50.5% Ϯ 1.4; TR10, 52.4% Ϯ 3.1; TR15, 49.4% Ϯ 1.9; right object: TR3: 49.5 Ϯ 1.4; TR10, 47.6 Ϯ 3.1; TR15, 50.6 Ϯ 1.9). Furthermore, the total times of exploration during testing were similar for all groups (average of total exploration time: TR3, 28.4 Ϯ 3.3; TR10, 21.9 Ϯ 5.1; TR15, 23.5 Ϯ 3.7). Similarly, no differences in these parameters were noted in the other experiments (data not shown).
In the second experiment, the same groups were formed, but they were tested 1 week after training. As shown in Figure 1b , the DI% of the TR3 and TR10 groups were similarly low and both differed significantly from the DI% of the TR15 group (one-way ANOVA, F (2,26) ϭ 5.596, p Ͻ 0.01; Duncan test TR3 vs TR15, p Ͻ 0.01; TR10 vs TR15, p Ͻ 0.01; TR3 vs TR10, ns). These results indicated that the memories induced by standard and strong trainings differed in their persistence.
Only the consolidation of strong memory involves changes in the levels of hippocampal histone H3 acetylation Next we performed an experiment aimed at investigating whether the different training conditions recruited histone acetylation mechanisms during memory consolidation. We determined the levels of acetylated histone H3 in the hippocampus 1 h after training. The experiment consisted of 3 groups trained with 3, 10, or 15 min of exploration (TR3, TR10, and TR15, respectively) and a fourth group that was placed in the experimental chamber without objects for 10 min, as in the 2 previous sessions of HAB. At 1 h after training, animals were killed, the hippocampi were dissected, and histone-enriched extracts were obtained. The levels of acetylated H3 histone relative to total H3 were assessed by Western blot. As shown in Figure 1c , only the TR15 group showed a significantly higher level of acetylated H3 with respect to the HAB group (one-way ANOVA F (3, 38) ϭ 2.852, p Ͻ 0.05; Duncan test p Ͻ 0.05). This result indicates that strong training induced a significant increase in hippocampal H3 acetylation 1 h after training. Conversely, such an increase was not induced after weak or standard training.
Administration of a HAT inhibitor in the hippocampus impairs long-lasting recognition memory
The HAT p300 plays a critical role in regulating gene expression, and its activity has been found to be required for memory formation (Oliveira et al., 2007; Marek et al., 2011) . In the following experiments, we evaluated whether the inhibition of p300 in the hippocampus immediately after strong training impairs memory persistence. One group of mice was trained with 15 min of exploration and then injected with 2 g of the p300 inhibitor c646 in each hippocampus (TR15ϩHATi). Another group received the same training and was injected with the vehicle DMSO (TR15ϩVeh). Both groups were tested 24 h after training. As shown in Figure 2a , left, no differences were identified between the groups (Student's t test; t ϭ 0.83; p ϭ 0.41). A second experiment was performed with the same groups, but the animals were tested 1 week after training. As shown in Figure 2a , right, significant differences were found when the DI% of the groups were compared (Student's t test; t ϭ 3.85; p Ͻ 0.01). To evaluate the effect of c646 on histone acetylation, we performed an experiment with the same TR15ϩHATi and TR15ϩVeh groups that were trained and injected as in the previous experiments, but the animals were killed 1 h after training, the hippocampi were dissected, and histone-enriched extracts were obtained. The levels of acetylated H3 histone relative to the total H3 were assessed by Western blot. The results are shown in Figure 2b . The TR15ϩVeh group showed a significantly higher level of acetylated H3 than the TR15ϩHATi group. These results indicate that HATi administration impaired the increment of H3 acetylation in the hippocampus during the consolidation of strong training (Student's t test; t ϭ Ϫ2.32; p Ͻ 0.05).
Administration of HDAC inhibitors in the hippocampus enhanced recognition memory
The results obtained in the first experiment and in previous studies using the NOR task showed that a training session of 3 min did not induce long-term memory. However, the posttraining injection of HDAC inhibitors enhanced this memory (Stefanko et al., 2009; Haettig et al., 2011). Nevertheless, in these studies, drug administration was intraperitoneal and no information regarding the sites and areas involved in memory enhancement was obtained. In the following experiment, we analyzed the effect of HDAC inhibition in the hippocampus on recognition memory. All animals were trained for 3 min, followed immediately by direct hippocampal injection of either the HDAC inhibitor sodium butyrate (TR3ϩNaB group) or saline (TR3ϩVeh group). Testing was performed 24 h later. Comparison of the DI% of the groups revealed significant differences (Fig. 3a , Student's t test; t ϭ 3.895; p Ͻ 0.05). Therefore, the inhibition of HDAC in the hippocampus immediately after training enhanced object recognition memory. Together with the results of the previous section, Figure 1 . Strong training induces a persistent recognition memory and histone acetylation increment during consolidation. a, Diagram outlining the experimental design. TR3 (n ϭ 10), TR10 (n ϭ 9), and TR15 (n ϭ 9) groups received 3, 10, or 15 min of training, respectively. b, Graph representing the mean Ϯ SEM of DI% for each group. **p Ͻ 0.01 in a one-way ANOVA, followed by the Duncan post hoc test. c, Diagram outlining the experimental design. TR3 (n ϭ 11), TR10 (n ϭ 11), and TR15 (n ϭ 9) groups as in a and b, plus a nontrained HAB group (n ϭ 9). Animals were killed 1 h after training. Graph represents the mean Ϯ SEM of acetyl H3 levels in the hippocampus estimated by Western blot normalized to total H3 levels. *p Ͻ 0.05, one-way ANOVA, followed by the Duncan post hoc test.
this fact supports the notion that the hippocampus is a functional region for the consolidation of recognition memory.
In addition to its effect on the HDAC enzyme, NaB is also a putative inhibitor of chloride channels and phosphodiesterases (Resta-Lenert et al., 2001) . Therefore, we evaluated the effect of another HDAC inhibitor, trichostatin A (TSA), which is structurally unrelated to NaB. A similar experiment was performed, but the hippocampi were injected with either TSA (TR3ϩTSA group) or the vehicle DMSO (TR3ϩVeh group) immediately after training. In agreement with the findings obtained with NaB, significant differences in DI% were found between the TSA and Veh groups (Student's t test; t ϭ 3.68; p Ͻ 0.01; Fig. 3b) . The results of the last two experiments support the idea that the hippocampal inhibition of HDAC enzymes enhances recognition memory after 24 h.
Weak memory enhanced by administration of an HDAC inhibitor persists as a strong-training memory
The following experiment investigated whether HDAC inhibition induced a persistent memory similar to the memory induced by strong training. The following 3 groups were established: 2 groups of animals were trained for 3 min, after which 1 group was injected with NaB (TR3ϩNaB group) and the other was injected with vehicle (TR3ϩNaB group). The third group of animals was trained for 15 min and injected with vehicle (TR15ϩVeh group). All of the injections were performed at the end of training and the mice were tested 1 week after training. As Figure 3c shows, the DI% of the Veh group differed significantly from those of both the TR3ϩNaB and the TR15ϩVeh groups (one-way ANOVA F (2,19) ϭ 5.164, p Ͻ 0.05; Duncan test, p Ͻ 0.05). These results indicate that NaB-enhanced memory was as long lasting as the memory induced by strong training.
Consolidation of a weak memory facilitated by HDAC inhibition involves an increase in histone H3 acetylation
To obtain further evidence of the effect of HDAC inhibition on weak memory consolidation, we assessed whether NaB injection would induce an increase in histone H3 acetylation. Two groups were established: a weak-trained group injected with vehicle (TR3ϩVeh) and a weak-trained group injected with NaB (TR3ϩNaB). All animals were killed 1 h after training, the hippocampi were dissected, and histoneenriched extracts were obtained. Histone H3 acetylation was measured by Western blots and the results of these experiments are shown in Figure 3d . A significantly higher level of H3 acetylation was observed in the TR3ϩNaB group relative to the TR3ϩVeh group (Student's t test; t ϭ 2.27; p Ͻ 0.05). This result suggests that HDAC inhibition enhances memory by increasing histone H3 acetylation during consolidation.
Hippocampal NF-B activity is required for consolidation and persistence of object recognition memory
The regulation of chromatin structure is closely related to the function of transcription factor (TFs; Norton et al., 1989; Vettese-Dadey et al., 1996; Kouzarides, 2007) . Specifically, the recruitment of HAT and HDAC enzymes is associated with the presence of TFs in the regulatory regions of target genes. NF-B is a TF that plays a key role in neural plasticity and memory in both vertebrates and invertebrates Alberini, 2009) and is an important regulator of synaptogenesis during development and in excitatory synapses of mature neurons (Boersma et al., 2011; Gutierrez and Davies, 2011) . We studied the participation of NF-B in the process of acetylation during NOR memory formation. We used a highly specific inhibitor of NF-B, the B-decoy, which was previously used in the in vivo inhibition of this TF in passive avoidance and fear conditioning tasks in mice (Freudenthal et al., 2005; Boccia et al., 2007; de la Fuente et al., 2011) . The B-decoy consists of a double-stranded DNA oligonucleotide of 15 bp that contains the NF-B binding consensus sequence. The B-decoy oligonucleotide binds to NF-B and impedes its normal action at the genome sites. Delivery of the B-decoy to the dorsal hippocampus at the concentration used here induced an inhibition of 60% of the basal NF-B Figure 2 . Administration of a HAT inhibitor in the hippocampus impairs long-lasting recognition memory and the histone acetylation increment during consolidation. a, Diagram outlining the experimental design. Left: Mean Ϯ SEM of DI% for the 24 h test of the TR15ϩHATi (n ϭ 11) and TR15ϩVeh (n ϭ 6) groups. Right: Mean Ϯ SEM of DI% for the 7 d test of the TR15ϩHATi (n ϭ 8) and TR15ϩVeh groups (n ϭ 9). **p Ͻ 0.01, Student's t test. b, Diagram outlining the experimental design. Animals were killed 1 h after training (n ϭ 6 per group). Graph represents the mean Ϯ SEM of acetyl H3 levels in hippocampus estimated by Western blot normalized to total H3 levels. *p Ͻ 0.05 Student's t test. c, Example of cannula position (cresyl violet stained).
activity and blocked its training-induced activation (Boccia et al., 2007) . A mutated B-decoy (m-decoy) was used as a control. In this oligonucleotide, a G base is replaced by a C base, with the consequent replacement of C to G in the complementary strand. With this mutation, the oligonucleotide is not recognized by NF-B, controlling the effect of DNA administration in the brain while maintaining the same overall composition of bases.
This experiment consisted of two groups of animals that received training for 15 min. After the training session, one group received the B-decoy (TR15ϩDec), whereas the other group was injected with m-decoy (TR15ϩmDec). Testing took place 24 h after training and the results are shown in Figure 4a . The group of animals injected with the B-decoy had a DI% that was significantly lower than that of the control group injected with m-decoy (Student's t test; t ϭ Ϫ2.7; p Ͻ 0.05). A similar experiment was then performed, but the mice were tested 7 d after training. As expected, the B-decoy group exhibited significantly lower levels of discrimination than observed in the control group (Fig. 4b , Student's t test; t ϭ 6.1; p Ͻ 0.05). These results suggest that the TF NF-B is necessary in the hippocampus for NOR memory consolidation.
Inhibition of NF-B reduces the levels of the histone H3 acetylation after strong training
In other cell types, activated NF-B recruits CBP/p300 acetylases to the regulatory regions of different genes, contributing to the increase in histone acetylation (Vo and Goodman, 2001; Teferedegne et al., 2006; Hayden and Ghosh, 2008) . In this experiment, we evaluated whether the inhibition of NF-B reduces the increase in H3 acetylation observed in the hippocampus after strong training. Two groups of animals received 15 min of training and were then injected with either B-decoy (TR15ϩDec) or m-decoy (TR15ϩmDec). All animals were killed 1 h after training, the hippocampi were dissected, and histone-enriched extracts were obtained. Histone H3 acetylation levels were estimated by Western blots and the results are shown in Figure 4c . A significantly lower level of H3 acetylation was found in the TR15ϩDec group compared with the TR15ϩmDec group (Student's t test; t ϭ Ϫ2.32; p Ͻ 0.05). This result suggests that NF-B contributes to the increase in the level of acetylation that is induced by the strong training, likely via CBP/p300 recruitment to specific gene promoters.
Acetylation of a promoter region that included an NF-B consensus sequence is specifically increased after strong training
In the previous experiments, the general level of hippocampal histone H3 acetylation was analyzed using chromatin-enriched extracts. With this method, we identified increases in acetylation that were specifically related to the formation of long-lasting memory. In the last two sections, we obtained evidence supporting the role of NF-B in this process. Next, to determine the level of histone acetylation in specific genome locations, we studied promoter regions of particular genes that are associated with neural plasticity and memory. We studied two genes that codify important proteins involved in memory formation: Zif268 and CaMKII. Zif268 (also known as Egr-1, Ngfi-A, Krox 24, Tis 8, and Zenk) is an immediate-early gene (Davis et al., 2003; Soulé et al., 2008) and calcium/calmodulin kinase II ␦ (Camk2d) is a late gene (Sirri et al., 2010; Lucchesi et al., 2011) . In particular, we focused the analysis on promoter regions containing NF-B-regulatory elements. Previous studies have reported that NF-B regulates the Zif268 promoter (Carayol et al., 2006; Lubin and Sweatt, 2007) . We analyzed the regulatory regions of the Camk2d gene and identified a bona fide NF-B target region containing a B consensus sequence at ϳϪ400 bp from the initiation site (see experimental procedures section; Fig. 5 ). This experiment consisted of three groups: two of the groups were trained with either 10 or 15 min of exploration (TR10 and TR15, respectively), whereas another group was placed in the experimental chamber Figure 3 . Administration of HDAC inhibitors in the hippocampus enhanced memory persistence by the induction of histone acetylation. a-c, Diagrams outlining the experimental design. a, Graph representing the mean Ϯ SEM of DI% for the TR3ϩNaB (n ϭ 7) and TR3ϩVeh (n ϭ 8) groups. *p Ͻ 0.05, Student's t test. b, Graph representing the mean Ϯ SEM of DI% for the TR3ϩTSA (n ϭ 11) and TR3ϩVeh (n ϭ 10) groups. **p Ͻ 0.01, Student's t test. c, Graph representing the mean Ϯ SEM of DI% for the TR3ϩNaB (n ϭ 7), TR3ϩVeh (n ϭ 7), and TR15ϩVeh (n ϭ 8) groups. *p Ͻ 0.05, one-way ANOVA, followed by a Duncan post hoc test. d, Graph representing the mean Ϯ SEM of acetyl H3 levels in hippocampus estimated by Western blot normalized to total H3 levels. Animals were killed 1 h after training. *p Ͻ 0.05, Student's t test. n ϭ 10.
without objects for the same length of time as the two previous sessions of HAB. One hour after training, animals were killed, and the hippocampi were then dissected. A ChIP assay was performed using the acetyl-specific H3 antibody combined with quantitative real-time PCR. No changes were identified at the level of acetylation at the Zif268 promoter for the TR10 and TR15 groups (Fig. 5a, one-way ANOVA ns, F (2,3) ϭ 2.686, p ϭ 0.21). Conversely, a 2.5-fold increase in H3 acetylation levels was found at the Camk2d promoter in the TR15 group relative to the levels observed in the HAB and the TR10 groups (one-way ANOVA F (2,3) ϭ 19.257, p Ͻ 0.05; Duncan test HAB vs TR15, p Ͻ 0.05; TR10 vs TR15, p Ͻ 0.05). In the same promoter region, no changes in H3 acetylation were found for the TR10 group. Therefore, strong training triggered a significant increase in histone H3 acetylation levels in the NF-B-regulatory region of the Camk2d promoter.
To investigate whether NF-kB is in fact bound to Camk2d promoter during memory consolidation, we performed a new experiment using an antibody for the p65 protein instead of an acetyl-specific H3 antibody. P65 is one of the components of the NF-B TF dimer. This assay revealed that p65 was present in this promoter region in the TR15 group but not in the HAB group (Fig. 5b , Student's t test; t ϭ Ϫ4.80; p Ͻ 0.05). These findings suggest that the Camk2d gene promoter is regulated by NF-B in this region and that NF-kB increases its interaction with the promoter after strong training. These results are also consistent with those of the previous experiments showing memory impairment with B-decoy administration and suggest that NF-B is implicated in histone acetylation during strong memory consolidation.
Inhibition of NF-B reduces the level of histone acetylation at Camk2d promoter after strong training
We also investigated whether NF-B inhibition affects histone H3 acetylation levels at the Camk2d gene promoter. Two groups of animals received 15 min of training and were then injected with either B-decoy (TR15ϩDec) or m-decoy (TR15ϩmDec) (Fig. 5c ). All animals were killed 1 h after training and the hippocampi were dissected. A ChIP assay was performed using the acetyl-specific H3 antibody combined with quantitative real-time PCR. The results show a decrease in the histone H3 acetylation level at Camk2d promoter after decoy administration (TR15ϩDec group) during strong memory consolidation (Student's t test; t ϭ 3.534; p Ͻ 0.05) compared with the control group (TR15ϩmDec group). This result supports that NF-B-dependent histone acetylation is specifically involved in persistent forms of memory.
Camk2d expression is specifically induced after strong training
CaMKII is a multifunctional serine/threonine kinase with a broad range of substrates. In mammals, CaMKII comprises mul- Figure 4 . Hippocampal NF-B activity is required for the histone acetylation increment during consolidation of object recognition memory. a-c, Diagrams outlining the experimental design. a, Graph representing the mean Ϯ SEM of DI% for the TR15ϩDec (n ϭ 11) and TR15ϩmDec (n ϭ 10) groups. *p Ͻ 0.05, Student's t test. b, Graph representing the mean Ϯ SEM of DI% for the TR15ϩDec (n ϭ 7) and TR15ϩmDec (n ϭ 7) groups. *p Ͻ 0.05). c, Graph representing the mean Ϯ SEM of acetyl H3 levels in hippocampus estimated by Western blot normalized to total H3 levels. Animals were killed 1 h after training. *p Ͻ 0.05, Student's t test.
tiple isoforms that are the product of four closely related genes: ␣, ␤, ␥, and ␦ ( Gaertner et al., 2004) . The ␣ and ␤ isoforms are primarily localized in the brain, whereas ␥ and ␦ isoforms are ubiquitously expressed. ␣CaMKII is highly expressed in the forebrain, where it constitutes the major postsynaptic density protein (Cheng et al., 2006) , and this isoform has been studied extensively in relation to memory formation (Elgersma et al., 2004; Irvine et al., 2006) . However, little is known about the function of ␤CaMKII in the brain and virtually nothing is known about the ␥ and ␦ isoforms. Therefore, we next investigated whether ␦CaMKII expression is in fact induced during strong memory consolidation. The experiments consisted of three groups: two of the groups were trained with either 10 or 15 min of exploration (TR10 and TR15, respectively), whereas another group was placed in the experimental chamber without objects for the same length of time as the two previous sessions of HAB. Three hours after training, animals were killed, the hippocampi were dissected, and mRNA extraction and gene expression analysis were performed. As shown in Figure 6 , we found a significant increment in the ␦CaMKII mRNA level 3 h after strong training compared with the TR10 and control groups (oneway ANOVA F (2,19) ϭ 4.394, p Ͻ 0.05; Duncan test HAB vs TR15, p Ͻ 0.05; TR10 vs TR15, p Ͻ 0.05). This result shows that ␦CaMKII expression is only induced during consolidation of a persistent form of memory.
Discussion
Covalent modifications at the regulatory tail of histones, such as the acetylation of lysine residues, have been implicated in the formation of long-term memory Barrett and Wood, 2008; Roth and Sweatt, 2009) . In this work, we obtained evidence from the NOR task indicating that histone acetylation plays a specific role in the formation of more persistent forms of memory. Initially, we found that the general level of H3 acetylation was increased in the hippocampus only during the consolidation of a memory that is patently present 1 week after training. In contrast, no increases in acetylation were detected after training conditions that rendered no retention after 7 d. We then found that the increases in H3 acetylation were reversed by the inhibition of NF-B, a TF that plays a key role in memory formation ( TF in the process of histone acetylation was further evidenced by analyzing a regulatory region of the Camk2d gene promoter. This promoter region is a bona fide NF-B site and we detected the presence of p65 in this region during memory consolidation using ChIP assays. In agreement with the observed increases in the general acetylation levels, H3 acetylation increased in this particular region only during the consolidation of a more persistent memory. Furthermore, we observed that the inhibition of NF-kB reverted the acetylation state of this promoter. The last finding provides a direct evidence of NF-kB-dependent epigenetic regulation specifically associated with memory persistence. Accordingly, we found that Camk2d mRNA levels are specifically induced after strong training. These data support that Camk2d gene is specifically expressed in more persistent forms of memory.
The manipulation of HAT and HDAC activities in the hippocampus by means of specific inhibitors elicited additional supportive results. HAT inhibition impaired memory persistence after strong training but did not impair retention after 24 h. In agreement with this finding, the administration of the drug blocked the general increase in acetylation that was induced by the strong training. Conversely, the inhibition of HDAC activity in the hippocampus allowed a weak memory to persist for at least 1 week. This behavioral finding is consistent with the concomitant increase in H3 acetylation that was induced by the HDAC inhibitors. These results suggest that a shift in the regulatory balance that favors acetylation is sufficient to render a memory more persistent.
Treatment with HDAC inhibitors not only induced memory enhancement after 7 d, but also caused memory enhancement 24 h after training. Pharmacological manipulation could not only increase the acetylation of histones, but also increased the acetylation of other target proteins such as TFs. Specifically, NF-B is a substrate for these enzymes (Sterner and Berger, 2000) and its acetylation has been shown to regulate the transcriptional activity of this TF (Chen and Greene, 2004) . The inhibition of HDACs has been shown to increase the activity of NF-B during memory enhancement by increasing its acetylated status (Yeh et al., 2004) . The action on these alternative targets could explain the fact that memory facilitation by HDAC inhibition is not restricted to longlasting memory, but also enhances 1 d memory.
The effects of the experimental manipulations used in this work, such as the varying intensities/durations of training and the actions of the administered drugs, can be described in terms of the level and quality of transcription attained during consolidation in each case. Weak training is unable to induce a sufficient amount of gene transcription, resulting in the production of a weak memory. The enhancement of gene transcription induced by HDAC inhibitors may enable a sufficient amount of mRNA synthesis to occur, transforming a weak memory trace into a strong one. An intermediate level of training may induce the transcription of target genes that does not require histone acetylation. Zif268, an immediate-early gene, is possibly an example of a gene that is ready for transcription in these training conditions. We did not find changes in the level of acetylation in the Zif268 promoter after strong training. Such transcriptional activity should be enough to induce long-term memory that is present 1 d after training but that decays in the following days. However, this does not dismiss the role of Zif268 in NOR memory consolidation, as described previously (Jones et al., 2001) . In fact, preliminary results of our group shows an increase in Zif268 expression at the level of mRNA and protein after NOR training, which is dependent on NF-kB activity (Zalcman et al., manuscript in preparation). In contrast, strong training is able to recruit epigenetic mechanisms during consolidation, allowing for the expression of genes that are not directly available for transcription. Camk2d is possibly an example of a late gene that is normally less accessible for transcription and requires epigenetic mechanisms to reach the necessary level of expression for the formation of an enduring memory. Similarly, in other cellular systems, two forms of NF-B transcriptional regulation were found in gene promoters of macrophage cells stimulated by LPS (Saccani et al., 2001) . One of these forms is caused by the recruitment of NF-B to immediately accessible genes and the other corresponds to the recruitment of NF-B to a set of promoters that require histone acetylation to make them accessible to the transcriptional machinery. Consistent with the interpretation that the level and quality of transcription determine the persistence of memory, we found that the inhibition of HAT or NF-B during consolidation indeed impaired NOR memory persistence.
It is important to note that our study was focused on epigenetic mechanisms involved in gene expression during consolidation around the first hour after memory acquisition. The quality and quantity of transcription during memory consolidation defines, at least in part, memory persistence. The kinetics of the general acetylation state of the chromatin and the acetylation of the particular promoter studied here was not analyzed in the present work. However, on the basis of previous studies, we expected that the increments in chromatin acetylation should be transient, returning to the basal levels at the end of the consolidation process (Chwang et al., 2006; Federman et al., 2009 ). Our findings do not rule out further processes that could be involved in memory persistence, such as subsequent recurrent reactiva- tions of the trace that involve BDNF synthesis and releasing (Bekinschtein et al., 2007; Rossato et al., 2009) .
The experiments in Figure 1 and Figure 2 showed that increased histone acetylation is necessary for memory to persist 7 d, but is not necessary for 1 d memory trace. This increment in acetylation is dependent, at least in part, on NF-kB activity (Fig. 4 and Fig. 5) . However, the inhibition of NF-kB induced memory impairment at 24 h (Fig. 4) . The last result is indicative that NF-kB plays a role in memory formation beyond the regulation of chromatin acetylation. In fact, we found that a NF-kBregulated promoter region of Zif268 gene was not acetylated even after a strong training. As mentioned before, some genes, such as Zif268, would be readily available for transcription even in training conditions that do not induce histone acetylation. Such acetylation-independent transcriptional activity of NF-kB in these genes may be necessary to warrant a memory that is present 1 d after training but that decays before 1 week.
CaMKII is an abundant synaptic signaling molecule that is essential for both memory formation and for the induction of synaptic potentiation. In addition, CaMKII plays a prominent role in synaptic tagging and metaplasticity (Lucchesi et al., 2011) . In mammals, CaMKII exists in multiple isoforms that are the product of four closely related genes: ␣, ␤, ␥, and ␦. Little information is known about the role of the ␦ CaMKII. The gene was expressed in a late manner, with an increase in its messenger RNA in mouse hippocampus 6 h after trace fear conditioning (Sirri et al., 2010) . In addition, the protein exhibited higher levels of expression in the amygdala of a transgenic mouse with Zif268 overexpression (Baumgärtel et al., 2009) . In this study, we found that histone acetylation occurred in a promoter region of the Camk2d gene only after strong training, and that only high levels of training were able to recruit the epigenetic mechanisms necessary for the expression of this gene. Ongoing experiments are aimed at determining the particular role of ␦ CaMKII isoform in memory persistence.
Learned information is stored in the nervous system, at least in part through changes in synaptic connections. The TF NF-B has been involved in the upregulation of the structural plasticity of dendritic spines and of synaptic density in both developing (Gutierrez and Davies, 2011) and matured neurons after neuronal excitability and activation of modulatory pathways (Boersma et al., 2011) . Accordingly, it was found that sustained HDAC inhibition induced the sprouting of dendrites and an increased number of synapses; it also reinstated learning capacity and promoted retrieval of long-term memory in mice, even after massive neuronal loss (Fischer et al., 2007) . In contrast, the neuronspecific overexpression of HDAC2 decreased dendritic spine density, synapse numbers, synaptic plasticity, and memory formation (Guan et al., 2009) . Consistent with these previous data, this study found that NF-B inhibition significantly reduced the increase in histone acetylation after strong training. This finding suggests a possible link between epigenetic mechanisms and the induction of synaptogenesis and synaptic reinforcement. In this way, histone acetylation may promote the stability of synaptic changes during long-lasting memory consolidation.
Some studies initially suggested that the hippocampus does not participate in the NOR task, but other areas of the temporal lobe do (e.g., the insular cortex; Brown and Xiang, 1998; Eldridge et al., 2000) . More recent studies are controversial, with some reports supporting the notion that the hippocampus is not involved ( Squire et al., 2007; Broadbent et al., 2009; Clarke et al., 2010) . The experimental results presented here indicate that the hippocampus participates in object recognition memory. The inhibition of HAT and NF-B in the hippocampus immediately after learning prevented the formation of long-term recognition memory, whereas the inhibition of HDAC in the hippocampus after weak training enhanced recognition memory. We also found that strong training induced an increase in the levels of histone H3 acetylation in the hippocampus 1 h after training. These results support that the hippocampus participates in both the encoding and storage of recognition memory.
These data coincide with results obtained by our group in an invertebrate, the crab Chasmagnathus (Federman et al., 2009; Federman et al., 2012) , in which we found that histone acetylation is necessary for the formation of stronger memories. All of this evidence suggests that the molecular mechanisms described here are not specific to the rodent brain, but are conserved mechanisms in both vertebrates and invertebrates.
According to some reports, there is a constant proportion of neurons recruited to a memory trace, regardless of the training intensity used (Repa et al., 2001; Jin-Hee Han et al., 2007) . Providing that a similar process is induced in the NOR task, the increase in the level of acetylation found in this study would not be due to an increase in the number of neurons recruited to the memory trace, but to the recruitment of HAT activity in the same neurons.
The process of histone acetylation is a regulatory mechanism for transcription induction that exhibits slow dynamics. This mechanism would be able to more accurately control the quality and quantity of gene expression than other faster and less-specific mechanisms. Adequate training conditions or the action of modulatory pathways can induce the acetylation of promoter regions of memory-related genes, a property that might define the persistence of memory over time.
